Initial nucleation and growth of pentacene films on various pre-cleaning treated SiO 2 gate insulators were systematically examined by atomic force microscope. The performance of fabricated pentacene thin film transistor devices was found to be highly related to the initial film growth modes. In contrast to the film in the three-dimensional island-like growth mode on SiO 2 under an organic cleaning process, a layer-by-layer initial growth mode occurred on the SiO 2 insulator cleaned with ammonia solution which has shown much improved electrical properties of the thin film transistors. Field effect mobility of the thin film transistor devices could be achieved as high as 1.0 cm 2 V À1 s À1 on the bared SiO 2 /Si substrate and the on/off ratio was over 10 6 . The enhanced electrical conductance was further confirmed by an electrostatic force microscopic observation of quantized electrical potentials via charge-injection to the submonolayer pentacene islands with layer-by-layer growth mode. #
Introduction
Organic thin film transistors (OTFTs) have attracted much attention in recent for their potentials as an alternative to the traditional amorphous silicon-based TFTs. In order to apply to the fast switch and feasible driving circuits, OTFTs need high carrier mobility and large saturation current. Lots of efforts were attempted to improve the mobility of pentacene-based devices, such as improving the surface roughness of the dielectric materials, 1) modification of the dielectric surface by self-assembled monolayer [2] [3] [4] [5] [6] [7] and optimizing the film deposition conditions. 2, 8, 9) Even though all these efforts bring about quite large mobility improvement in last decade, its mobility values in the film transistor were still far behind the value achieved in bulk pentacene crystal where the typical mobility is above 30 cm 2 V À1 s À1 . 10) Therefore, it is reasonable to believe the intrinsic mobility of a hole within a perfect pentacene film domain should be equivalent to its counterpart in triclinic crystalline bulk.
In a conventional top-contact film pentacene OTFT, the hole mobility was believed to be influenced by three major factors: 1) the crystal quality of thin film domain where the impurity and the crystalline defects affect the charge carrier transport; 2) the domain boundaries and the voids formed between two or several complete pentacene domains can behave as the carrier scattering or trapping centers; 3) charge-injection ability between the metal and the organic semiconductor. Recently, several research groups report that single monolayer of pentacene with less boundary defects is virtually essential to achieve high carrier mobility, because grain boundaries strongly limit the charge transport in pentacene films. [11] [12] [13] It suggests that the structure at the earliest stage of the film growth is much more relevant to the electronic properties of the whole film than that in later film growth stages. We also noted that, up to date, less attention was paid on the correlation between the pentacene initial growth modes and pre-cleaning treatments for the thermally oxidized SiO 2 which has been widely utilized as a dielectric layer in OTFT fabrication.
In this study, we focus on the establishment of correlation between the surface cleaning treatments and initial pentacene film growth modes. By utilizing a suitable surface precleaning process with ammonia solution, a layer-by-layer growth mode was established. The best mobility was achieved for pentacene OTFT on SiO 2 substrate pre-cleaned by this method. Unlike other approaches where the extremely slow sublimation rate or a complicated experimental setup was used, 9, 14) we obtain this result under a conventional growth condition. The mobility in saturation region can reach 1 cm 2 V À1 s À1 and the saturated current 300 mA under the drain-source voltage V D ¼ À40 V, which indicates a promising novel pentacene TFT fabrication approach for practical application. Moreover, in order to clarify the relationship between the initial growth mode and the OTFT electrical properties, the electrical conductance of submonolayer pentacene film grown with layer-by-layer growth mode was qualitatively characterized by electrical force microscopy (EFM) measurement.
Experiments
The pentacene-TFTs were fabricated on heavily doped ntype (001) silicon wafer having a 250 nm SiO 2 layer grown by a wet thermal oxidization process. The oxidized thickness was again confirmed by a parallel plate capacitor measurement. The typical root mean square (RMS) surface roughness for the SiO 2 substrates determined by atomic force microscopy (AFM) is 0.3 nm. The substrates were ultrasonically cleaned by three various approaches: method-I with the ammonia solution NH 4 50 nm pentacene (Aldrich) films calibrated by a quartz oscillator analyzer were deposited on the SiO 2 substrates by a commercial thermal evaporator Auto-306 (BOC-Edwards) deposition system. During deposition, the back pressure reached 7 Â 10 À5 Pa with deposition rate 0.02 nm/s under the room temperature. Finally, 50 nm thick Au source-drain electrodes were deposited through a shadow mask onto the pentacene film at a rate of 0.4 nm/s to finish the top-contact TFTs fabrication. The conductance channel length and width were 50 and 2000 mm, respectively. The morphology of the pentacene film was characterized by a Nanoscope III (Veeco) AFM used as tapping mode. The contact angle was measured with distilled water at room temperature and the transfer curve of TFT was characterized with a Kethley-4200 semiconductor analyzer. Various pentacene coverage ranging from 0.5 monolayer (ML) to 4 ML deposited under the same growth parameters as mentioned above was realized on the SiO 2 substrates treated by method-I, -II, and -III for AFM and EFM experiments. In electrical potential analysis, the charges were injected from PtIr-coated cantilever tip into pentacene islands and the mapping of electrical potentials was carried out using the same cantilever tip with a free oscillating frequency f ¼ 75:25 kHz and a spring constant k ¼ 1{ 3 N/m. All EFM experiments were conducted by a Nanoscope III microscope (Digital Instruments) under dry nitrogen atmosphere.
Results and Discussion
3.1 Morphology, structure, and TFTs characteristics of pentacene films Figure 1 shows the comparison of the morphology of 50 nm pentacene grown on SiO 2 insulators treated with the ammonia and the organic solvent, respectively. On the dielectric layer treated with the ammonia [ Fig. 1(a) inset], pentacene grains exhibited the dendritic structure with an average grain size of 800 nm in contrast to the small grain size of 200 nm as shown in Fig. 1(c) (inset) where the dielectric substrate was cleaned by the organic solvent. The rocking curves by X-ray diffraction (XRD) for three 50 nm thick pentacene films showing a pure thin-film phase characterized with an interplanar spacing of 1.55 nm are recorded in Fig. 1 for a comparison. Undoubtedly, the intensity of peak is significantly stronger on gate dielectrics cleaned with the ammonia and the APM-HPM approaches than that cleaned with the organic solvent, indicative of much better crystal quality and more arrangement ordering of pentacene molecules in the former than the later.
The output characteristics of all three TFTs are shown in Fig. 2 . Saturation behavior of drain current at high drainsource voltage (V D ) was observed for all devices and its values are markedly dependent on the surface treatment procedures. The maximum saturation currents above 300 mA were obtained by the OTFTs based on the ammonia treatment, which was 4 times higher than on substrate cleaned by the organic solvent under the condition of the drain voltage swept under a constant gate-source voltage À40 V. The carrier mobility of the TFTs was calculated in saturation regime by fitting the data to the equation used in literature. 15) under feasible growth conditions and by simple evaporation equipment.
Initial film growth modes on various pre-cleaned
SiO 2 substrates The electrical-characteristics of pentacene-TFTs, especially mobility, together with grain size and the ordering of pentacene molecules for the ammonia cleaned method were significantly improved. This may infer to certain relationship between the electric performance and the growth mode of pentacene of the initial monolayer proved to be important by observing the mobility saturation with the deposition layers up to few layers. 13) Figures 3(a)-3(c) show the AFM images of the pentacene film which was grown on various treated SiO 2 surfaces with a nominal thickness of 0.5 ML. On the surface treated with ammonia [ Fig. 3(c) ], pentacene had homogeneous nucleation, and formed flat islands with lobular shapes, smooth borders and a typical monolayer height of approximately 1.5 nm. The phenomenon was observed under hyper thermal molecular beam deposition. 9) On the contrary, the pentacene islands were located disorderly on the substrate with different sizes, heights, and shapes on the surface treated with acetone and ethanol [ Fig. 3(a) ]. When surface treated with the HPM and APM [ Fig. 3(b) ], the morphology showed an intermediate situation. So we infer that thermal SiO 2 is cleaned more effectively by using NH 4 OH without the addition of H 2 O 2 . A cleaner oxide surface contains less nucleation sites. Hence, pentacene can form larger islands on it.
In order to clarify the high mobility mechanism in TFTs grown on the surface cleaned by the ammonia solution, we carried out the pentacene structural analysis by consecutively introducing 1, 2, and 4 ML nominal deposition thicknesses as shown in Figs. 3(d)-3(f) , respectively. AFM images proved a layer-plus-island growth mode, e.g., Stranski-Krastanov mode (SK mode) occurred during the whole film deposition process. From the line profile analysis as shown in bottom inset of Figs. 3(d)-3(f) , we could find the steps having a typical height of 1.5 nm approximately equal to one monolayer height.
Comparing the Fig. 3(c) with Fig. 3(d) , we found the nucleation density was almost identical. This means there was no nucleation of new islands and the islands grew up to coalesce and the domain gaps decrease with the increasing of pentacene molecule thickness from 0.5 to 1 ML, indicating the growth during this period is under a diffusion-mediated growth mode. 16 ) Therefore, it is reasonable to conceive the incoming pentacene aggregates into the existing islands only and can migrate across half of the domain radius (around 250 nm) in average to arrive at the domain boundary where it finds a suitable position to join into the crystal from a favorable energy consideration. It is also noted in this moment some pentacene particles occurred as the second monolayer (no shown here) when the deposition reaches 1 ML. Thus the grain boundary gaps (or voids) do not disappeared completely, although single-molecular high domains can spatially connect each other such as percolation geometry.
In Fig. 3 (e) of pentacene with a nominal thickness of 2 ML, the first layer is almost completed but there are still some voids, while the second and third even fourth monolayers have nucleated and grown up (see height profile). From the first layer region of Fig. 3(e) , we can find that the first layer is consisted of several large islands connected together where the grain boundary voids disappear and the grains become a unity, indicating most large islands have coalesced completely in first monolayer. When pentacene deposition thickness increases to 4 ML as shown in Fig. 3(f) , each grain presents a layered structure and the dendritic morphology is quite similar to that appearance found in 50 nm thick pentacene shown in Fig. 1(a) (inset) . The high carrier conductance we observed in Fig. 2 is probably attributed to the perfect healed grain boundaries as confirmed in Fig. 3(e) by an arrow.
Electrical potential of partially coalesced
sub-monolayer pentacene islands In order for further confirming the mechanisms of enhanced electrical conductance observed in pentacene film grown layer-by-layer mode in Fig. 3(c) , the ability of carrier transport across the domain boundaries of single-layered pentacene film was investigated by utilizing an EFM approach. Firstly, charges were injected onto pentacene islands with a PtIr-coated cantilever tip by directly touching the surface of 0.5 ML pentance film where the partial islands coalescence took place and the percolation between the islands had not happened yet as indicated in AFM image of Table I . Summarized properties resulting from three different surface cleaning treatments. is the charge carrier mobility, V T is the threshold voltage, Â is the water contact angle of different cleaned surfaces. Fig. 4(a) . The EFM tip was biased at 2 V with respect to the silicon wafer with a zero oscillation frequency. Secondly, the measurement of surface potential of the submonolayer pentacene film was accomplished using the same cantilever tip.
17) The two-dimensional potential mapping for the distribution of charges after injection is shown in Fig. 4(b) . Three obvious potential regions can be distinguished in Fig. 4 labeled with I, II, and III according to the distance away from the injection spot indicated with an arrow. A line profile of potential is also shown beneath Fig. 4(b) . It is clearly region III having surface potential of around 20 mV does not contain any injected charges. Regions II and I with potentials of À10 and À70 mV indicate the presence of various number of charges, respectively. As a comparison, the similar carrier injection was also carried out for a film with nominal thickness of 1 ML in Fig. 3(d) , and the variation of electric potential could not be measured because of the complete coalescence of pentacene islands. A quantized potential values indicate that the injected carriers are mobile even within partial coalesced islands. Therefore, the present surface potential analysis may cast the insight into the conductive behaviors with submonolayer coverage under layer-by-layer growth mode. More detailed investigation of the origin of enhanced electronic properties for monolayer pentacene islands utilizing EFM is still under way.
Conclusions
In conclusion, we have investigated the impacts of precleaning methods on structure, morphology, as well as the TFT device performance of pentacene film grown directly on SiO 2 insulator. Pentacene grown on SiO 2 with surface cleaned by acetone-ethanol was dominated by three-dimensional growth mode. Whereas, when the surface cleaned with the ammonia solution, an initial layer-by-layer growth mode was occurred. The electrical characteristics of pentacene-TFTs especially mobility, grain size and the ordering of pentacene molecules based on SiO 2 cleaned with ammonia are significantly improved. With this surface cleaning treatment, the mobility of pentacne-OTFT reaches 1.0 cm 2 V À1 s À1 , and the on/off ratio increases to 10 6 . The good OTFT performance is attributed to the high conductance of the initial monolayers grown by this layer-bylayer mode which was demonstrated with a quantized potential distribution in submonolayer pentacene film using EFM measurement. 
